Introduction
============

Anaerobic digestion is an attractive biotechnology for recovering renewable energy as biomethane (CH~4~) during organic waste treatment. Worldwide interest in anaerobic digestion has led to the implementation of \~9000 full-scale facilities in Europe and over 3000 facilities in the US by 2012 ([@bib21]). The conversion of organic matter into biomethane relies upon an intricate balance of multiple microbial trophic groups, including hydrolyzing and fermenting bacteria, syntrophic acetogenic bacteria and methanogenic archaea ([@bib6]). Despite the relatively widespread adoption of anaerobic digestion, the variety of its contributing genetic and metabolic systems still remain relatively underexplored ([@bib59]), owing to the vast phylogenetic and metabolic diversity ([@bib55]) and general non-culturability of a majority of the microorganisms present in digesters ([@bib58]). An improved understanding of the key ecological niches within anaerobic digesters and the metabolic and physiological attributes of microbial populations occupying those niches could help to facilitate new process designs and operational strategies that maximize biomethane recovery from organic waste.

Adding fats, oils and greases (FOG) as a co-substrate during the anaerobic digestion of livestock manure or wastewater treatment solids has gained popularity to increase biomethane recovery due to the high biological methane potential of FOG ([@bib2]; [@bib33]; [@bib62]). During anaerobic degradation, FOG is rapidly hydrolyzed into glycerol and long-chain fatty acids (LCFA) ([@bib22]). Because the degradation of LCFA in methanogenic environments relies on low hydrogen, formate and acetate levels for favorable thermodynamics, LCFA are converted into methane through an obligatory syntrophic partnership between acetogenic β-oxidizing bacteria and methanogenic archaea ([@bib46]; [@bib52]). So far, only seven isolated bacterial species are capable of β-oxidizing LCFA (\>12 carbons in length) in syntrophy with methanogens, and all belong to the families of *Syntrophomonadaceae* and *Syntrophaceae* ([@bib52]; [@bib64]). However, the generally slow growth rates of syntrophic bacteria coupled with the toxicity of LCFA has limited the number of cultured representatives obtained ([@bib23]).

Biomethane recovery from FOG can be limited by the reduction of microbial activity attributed to the toxicity of LCFAs at high concentrations ([@bib22]; [@bib3]; [@bib44]; [@bib15]; [@bib33]; [@bib61]; [@bib62]). Our recent work indicated that the maximum FOG loading rate to an anaerobic codigester was dependent on the LCFA-degrading population abundance and specific LCFA bioconversion kinetics ([@bib66], [@bib67]). The codigester LCFA feeding frequency was found to impact the composition and diversity of β-oxidizing *Syntrophomonas* species, with LCFA pulse feeding leading to higher bioconversion kinetics in comparison to semi-continuous LCFA feeding ([@bib67]). However, those detected differences in the syntrophic community structure between codigesters were based on time-series 16S rRNA gene amplicon sequencing, and thus the impact of feeding frequency on the active fraction of the community remained unknown. A comparison of the active LCFA-degrading populations selected with different feeding frequencies would improve our understanding of relationships between operating parameters and physiological diversity within digester syntrophic populations.

Stable isotope probing (SIP) is a cultivation-independent method that can be used to elucidate links between microbial activity (function) and identity within environmental samples ([@bib42]; [@bib17]). DNA-SIP relies on the incorporation of heavy isotopes (for example, ^13^C) into microbial DNA during growth on labeled substrates, and thus acts as a 'filter' to enrich the DNA of active populations ([@bib12]). DNA-SIP has been combined with shotgun metagenomic sequencing approaches to discover novel enzymes and operons within microbial communities ([@bib45]; [@bib10]; [@bib60]), and to identify new functional traits of microbial taxa ([@bib19]). Recently-developed differential coverage binning techniques for recovering population genomes from shotgun metagenomes ([@bib1]; [@bib25]; [@bib26]) could be amenable to DNA-SIP due to the expected DNA sequence composition divergence between heavy density fractions of ^12^C- and ^13^C-incubated samples ([@bib14]). However, there have been no reported studies coupling differential coverage binning with DNA-SIP to recover population genome bins from metagenome sequence data thus far.

The objective of this study was to apply DNA-SIP combined with shotgun metagenomic sequencing for a genome-centric comparison of the active oleate (C~18:1~ LCFA) degrading populations in two parallel anaerobic codigesters operated with different oleate feeding frequencies. Differential coverage binning was employed to retrieve population genome bins from the DNA-SIP ^13^C and ^12^C-metagenomes. 16S rRNA gene amplicon sequencing was also conducted on ^13^C and ^12^C heavy DNA fractions to verify key populations involved in converting oleate into biomethane within the anaerobic codigesters.

Materials and methods
=====================

Anaerobic bioreactor operation
------------------------------

To examine the selective impacts of feeding frequency on the microbial community, two parallel anaerobic codigesters treating manure and oleate were operated at 35 °C for over 200 days, as described previously ([@bib67]). The digesters had a 4-liter working volume and a 20-day hydraulic and solids retention time (SRT), and were fed with blended manure feedstock collected from a nearby dairy farm. Manure was fed daily at a VS loading rate of 1.3±0.2 g VS/l-d, and an aqueous solution of sodium oleate (\>97%, Tokyo Chemical Industry Co.) was added to the influent feed at 10% of the daily feed volume. The daily average oleate organic loading rate (OLR) to both codigesters was identical, but their oleate feeding frequency differed. One codigester received the oleate feed semi-continuously every 6-h, and is termed the continuous-fed (CF) codigester. The other codigester received the oleate feed in a pulse every 2 days, and is termed the pulse-fed (PF) codigester. At day 205 of operation, the oleate OLR to both codigesters was reduced from 3.2 to 1.8 g COD/l-d to promote stable digestion, as acetate was accumulating in the CF codigester effluent by day 200 ([@bib67]). The resulting oleate concentration in the feed was 44 m[M]{.smallcaps} after day 205. From days 205--230, the pH of both codigesters averaged 7.5, and effluent VFA (acetate) was below 400 mg l^−1^. The codigesters were not fed between days 228-230 to reduce the level of any background substrates before commencing SIP incubations on day 230. At that time, total effluent VFA and LCFA (liquid+sorbed) levels were below 70 mg l^−1^.

Stable isotope probing incubations with anaerobic digester sludge
-----------------------------------------------------------------

Sludge was sampled directly from the PF and CF codigesters on day 230. Microcosms were established in 35 ml glass serum bottles pre-purged with N~2~:CO~2~ (80:20), amended with 10 ml of codigester sludge (0.17 g VS total), sealed and capped with butyl rubber septa, and purged again with N~2~:CO~2~ (80:20). All microcosms were maintained at 35 °C, and stirred at 150 rpm on an orbital shaker. Microcosms were grouped into duplicate vials that were supplemented with either ^12^C-sodium oleate or ^13^C-labeled sodium oleate at an initial concentration of 8 m[m]{.smallcaps}. The ^13^C-labeled sodium oleate was universally labeled at all 18 carbons (\>98% atom purity, Cambridge Isotope Laboratories, Tewksbury, MA, USA). Triplicate un-supplemented controls were incubated in parallel to measure background methane production. Gas production was measured based on the headspace pressure increase using a digital manometer (Series 490 A, Dwyer Instruments), and the headspace methane content was measured with a GC-FID (SRI 8610C) equipped with a Supelco Alumina Sulfate Plot column (50 m, 0.53 mm i.d.). Headspace pressure and composition were sampled about every 5 h using sterile syringes. Background methane production was subtracted from oleate-amended assays to measure the overall rate of substrate conversion.

After the first addition of oleate was converted at \>95% efficiency into methane over 48 h ([Figure 1](#fig1){ref-type="fig"}), ^12^C- and ^13^C-labeled sodium oleate were re-supplemented at 8 m[m]{.smallcaps} after purging the headspace with N~2~:CO~2~ (80:20). Following another 48-h for oleate conversion into methane, a third supplement of 8 m[m]{.smallcaps} ^12^C- and ^13^C-labeled sodium oleate was added to the microcosms after purging the headspace with N~2~:CO~2~ (80:20). The third incubation lasted 48 h, after which biomass from all bottles was sacrificed for DNA extraction. In total, 240 μmol of either ^12^C- or ^13^C-labeled oleate was added to the microcosms over the course of 6 days (144 h).

DNA extraction and density-gradient centrifugation
--------------------------------------------------

Anaerobic codigester sludge samples were collected for DNA extraction at the start of the SIP incubation (time zero), as well as from each ^12^C-oleate and ^13^C-oleate fed microcosm after 6 days of incubation. DNA was extracted and subjected to density-gradient centrifugation and fractionation, as described in detail in the [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Quantitative PCR
----------------

To further detect differences in DNA buoyant density (BD) values between the ^12^C- and ^13^C-incubated microcosms, quantitative PCR (qPCR) was conducted on DNA from gradient fractions with BDs ranging from 1.68 to 1.75 g ml^−1^. The qPCR targeted 16S rRNA gene fragments of the syntrophic LCFA β-oxidizing bacterial genus of *Syntrophomonas* using primers and probes developed by [@bib65]. More detailed descriptions of the reaction conditions, primers and probes, and calibration standards are given in the [Supplementary Information](#sup1){ref-type="supplementary-material"}.

16S rRNA gene amplicon sequencing
---------------------------------

DNA from 'heavy' gradient fractions with BDs ranging from 1.70 to 1.73 (4 fractions) were pooled at equal volumes and subjected to 16S rRNA gene amplicon sequencing for each microcosm ([Figure 2](#fig2){ref-type="fig"}). Briefly, 16S rRNA gene fragments were amplified with barcoded and indexed universal prokaryotic V4-V5 primers 515 F-Y (5′-GTGYCAGCMGCCGCGGTAA) and 926 R (5′-CCGYCAATTYMTTTRAGTTT) ([@bib40]), and the products were pooled and sequenced on a 2x300 bp Illumina MiSeq run by the United States Department of Energy (DOE) Joint Genome Institute (JGI). Raw sequence data is available through the JGI Portal (<http://jgi.doe.gov>) under project ID number 1105527.

Amplicon reads were denoised into their exact sequences using the DADA2 pipeline v.1.2.1 ([@bib7]) before clustering into 99.5% OTUs with UPARSE v.8.1 ([@bib18]), as described in detail in the Supporting Information.

Metagenomic sequencing, assembly and annotation
-----------------------------------------------

Pooled volumetric fractions of heavy DNA from density-gradient centrifugation ([Figure 2](#fig2){ref-type="fig"}), as well as codigester DNA samples from time zero, were used to generate an Illumina sequence library with an average insert size of 250 bp that was sequenced on an Illumina HiSeq-2500 with paired-end 150 bp reads at the DOE JGI. The metagenomic sequencing produced an average of 88±11 M reads for SIP DNA samples and 140±13 M reads for time zero DNA samples. Reads were trimmed and screened to remove adapters as well as filter sequences with a minimum Phred quality of 12, minimum length of 51 and no ambiguous bases using BBDuk v.36.02 (<https://sourceforge.net/projects/bbmap/>). Trimmed and screened paired-end reads from the codigester time zero metagenomes were individually assembled into contigs using MEGAHIT v.1.0.3 ([@bib27]) with default parameters and the kmer list: 23, 43, 63, 83, 103, 123. The assembled contigs were annotated with the Integrated Microbial Genomes Metagenome (IMG/M) platform ([@bib11]) by the DOE JGI, and KEGG annotation information (KO and EC numbers) were extracted. Raw sequence reads and assemblies are available through the DOE JGI portal under project IDs 1105480, 1105482, 1105484, 1105486, 1105488, 1105490, 1105494, 1105496 and 1105498.

Metagenomic binning
-------------------

Quality-filtered reads from all metagenomes, including the heavy gradient fractions of the ^12^C- and ^13^C-oleate fed microcosms and from codigester time zero samples, were individually mapped to contigs from the time zero assemblies using BBMap v.36.02 (<https://sourceforge.net/projects/bbmap/>) in paired-end mode with default parameters. SAMtools v.1.4 ([@bib29]) was used to sort and index the mapping files and extract contig coverage information across samples. The mapping data and coverage information were used to bin contigs into population genome bins (GBs) separately for each codigester sample set using MetaBat v.0.26.3 ([@bib25]) in 'superspecific' mode. CheckM v.1.0.6 was used to evaluate the level of bin completeness and contamination based on domain-level single-copy marker genes ([@bib41]). Taxonomic classification of GBs was conducted by extracting a set of 107 conserved marker genes within open reading frames using mmgenome ([@bib26]), running BLASTP on the extracted marker genes against the RefSeq v.52 protein database with a maximum *e-*value cutoff of 1e-5, and finding the least common ancestor (LCA) of the top 5 blast hits for each marker gene with MEGAN v.6.4 ([@bib24]). The finest taxonomic ranking was assigned for which at least 70% of the LCA results agreed. Phylogenetic trees were generated for GBs that were over 40% complete using PhyloPhlAn v.1.3 based on 400 conserved marker genes ([@bib47]), as well as with UPGMA clustering of distance estimates from *in silico* DNA--DNA hybridization with the Genome-to-Genome Distance Calculator v.2.1 ([@bib5]).

Statistical analysis
--------------------

Statistically significant differences in raw read counts of OTUs (from 16S rRNA gene amplicon libraries) and GBs (from shotgun metagenome libraries) within the ^12^C and ^13^C DNA-SIP samples were detected with the negative binomial Wald test in DESeq2 v.1.14.1 separately for each codigester data set ([@bib31]). Raw sequence counts of GBs were obtained from parsing the mapping files. An adjusted *P*-value of 0.01 and a log~2~ abundance increase greater than 2.0 (or \>4-fold increase) were used to identify features (for example, OTUs or GBs) that significantly increased between the ^12^C and ^13^C DNA-SIP samples.

Regularized log-transformed sequence counts of 16S rRNA gene amplicon OTUs were determined with DESeq2 for use in principal component analysis. Permutational multivariate ANOVA (ADONIS) was conducted on Euclidian distance values from transformed sequence counts using the vegan package v.2.4.2 in R ([@bib39]).

Results
=======

Conversion of oleate into methane and enrichment of ^13^C DNA
-------------------------------------------------------------

Metabolism of ^12^C- and ^13^C-labeled oleate was confirmed with 97% and 95% COD recoveries as methane in the headspace for the PF codigester and CF codigester microcosms, respectively ([Figure 1](#fig1){ref-type="fig"}). Biokinetic modeling of methane production (described in [Supplementary Information](#sup1){ref-type="supplementary-material"}) showed that the maximum methane production rate increased with each subsequent batch feeding of ^12^C- and ^13^C-labeled oleate ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). The maximum methane production rate in the PF codigester microcosms was 26%, 21% and 17% higher than the CF codigester microcosms for the first, second and third batch incubation rounds, respectively ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}).

Total DNA concentrations were measured in 24 density-gradient fractions to detect BD shifts after the consumption of 240 μmol ^12^C- or ^13^C-labeled oleate after 6 days. The heavy density fractions with BDs from 1.70 to 1.725 g ml^−1^ contained 2.2-times and 1.6-times more DNA in the ^13^C-incubated samples than in the ^12^C-controls for the PF and CF codigester microcosms, respectively ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). To further confirm the enrichment of ^13^C-labeled DNA, 16S rRNA genes of the LCFA-degrading bacterial genus *Syntrophomonas* were quantified in density fractions between 1.66 and 1.76 g ml^−1^ ([Figure 2](#fig2){ref-type="fig"}). The four heavy density-gradient fractions with BDs ranging from 1.70 to 1.725 g ml^−1^ contained over 12-times more *Syntrophomonas* 16S rRNA genes in the ^13^C-incubated samples than that in the ^12^C-controls for both codigesters ([Figure 2](#fig2){ref-type="fig"}). The four heavy gradient fractions showing high levels of ^13^C incorporation were therefore pooled for each microcosm for subsequent 16S rRNA gene amplicon sequencing and shotgun metagenomic sequencing ([Figure 2](#fig2){ref-type="fig"}).

16S rRNA gene amplicon sequencing of DNA-SIP samples
----------------------------------------------------

The microbial community profiles of pooled heavy density-gradient fractions ([Figure 2](#fig2){ref-type="fig"}) were assessed through paired-end 16S rRNA gene amplicon sequencing. After qualify-filtering, denoising, and merging paired-end amplicon reads, the number of sequences retained per sample averaged 164 000±39 000. Principal component analysis (PCA) showed that community profiles of heavy density fractions from the ^12^C- and ^13^C-incubated microcosms were distinctly clustered for both codigesters ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). The grouping of community profiles was significant within both codigester sample sets according to the oleate isotope (ADONIS, *P*\<0.05). Additionally, samples within each isotope group were significantly grouped according to the codigester sludge source (ADONIS, *P*\<0.05), indicating that the ^13^C-enriched communities from each codigester biomass were distinct.

Differential abundance analysis was conducted to detect 16S rRNA gene OTUs that significantly increased in ^13^C-incubated heavy gradient fractions relative to ^12^C-controls. A total of 59 differentially abundant OTUs were identified in the PF codigester samples, 42 of which were classified to the *Syntrophomonas* genus ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Within the CF codigester samples, a total of 40 differentially abundant OTUs were identified, with 36 classified as *Syntrophomonas* ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). Of the total number of differentially abundant *Syntrophomonas* OTUs identified, 19 were shared between the codigesters while the remaining OTUs were unique to either codigester ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). About 48 and 35% of the total 16S rRNA gene counts of differentially abundant *Syntrophomonas* OTUs were attributed to unique OTUs within the ^13^C-samples for the CF and PF codigesters, respectively ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}). The relative fraction of *Syntrophomonas* 16S rRNA gene counts increased on average 2.6- and 2.9-times in the ^13^C-incubated libraries relative to the ^12^C-controls for the PF codigester and CF codigester, respectively ([Figure 3](#fig3){ref-type="fig"}). Cumulative *Syntrophomonas* genus 16S rRNA gene counts increased on average 5.0- and 5.5-times in the ^13^C-incubated samples relative to the ^12^C-controls for the PF codigester and CF codigester, respectively ([Supplementary Figure 8](#sup1){ref-type="supplementary-material"}). In contrast, the relative abundance of all other bacterial genera decreased in the ^13^C 16S rRNA gene libraries relative to ^12^C-controls for both codigesters, with the exception of the Ruminococcaceae NK4A214 group in the PF codigester ([Figure 3](#fig3){ref-type="fig"}). Other differentially abundant OTUs were detected belonging to the genera: *Thermovirga, Aminivibrio,* Candidatus *Cloacamonas*, *Anaerofustis, Syntrophothermus* and *Ruminococcaceae* NK4A214 group, along with unclassified members of *Planctomycetes*, *Spirochaetae*, *Synergistes*, *Actinobacteria* and *Bacteriodetes* ([Supplementary Figures 4 and 5](#sup1){ref-type="supplementary-material"}). No methanogenic archaeal OTUs were identified as differentially abundant in either codigester sample set. Nonetheless, the relative abundance of *Methanosaeta* 16S rRNA genes increased from 2.2% in the ^12^C-controls to 3.2% in the ^13^C-samples for the CF codigester libraries ([Figure 3](#fig3){ref-type="fig"}). Cumulative 16S rRNA gene counts of *Methanosaeta* increased by 1.7- and 2.7-times in the ^13^C-incubated samples relative to ^12^C-controls for the PF codigester and CF codigester libraries, respectively, and *Methanobacterium* read counts increased by 1.7- and 1.9-times, respectively ([Supplementary Figure 8](#sup1){ref-type="supplementary-material"}).

DNA-SIP metagenomic sequencing
------------------------------

Metagenomes from the PF and CF codigester sludges before SIP incubation (that is, time zero) were assembled to produce contigs for differential coverage binning. The PF and CF codigester time zero metagenome assemblies amounted to 536 947 079 bp and 680 484 169 bp within contigs longer than 1 kb, and had maximum contig lengths of 692 259 bp and 485 835 bp, respectively. Over 200 GBs were recovered through differential coverage binning for each codigester DNA-SIP sample set. Differential abundance analysis of GB read counts in the ^13^C-incubated metagenomes relative to ^12^C-controls using DESeq2 showed that 16 and 18 GBs were significantly enriched in the ^13^C-metagenomes of the PF and CF codigesters, respectively ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Due to the low completeness of some enriched GBs ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}), a threshold of 40% genome completeness was established for further phylogenetic analysis. Assigned taxonomies and genomic characteristics of differentially abundant GBs with over 40% completeness are summarized in [Table 1](#tbl1){ref-type="table"}.

Approximately 75% of the differentially abundant GBs (6 of 8) in the PF codigester samples were taxonomically assigned to *Syntrophomonas*, along with 71% (5 of 7) of the differentially abundant GBs in the CF codigester ([Table 1](#tbl1){ref-type="table"}). Both codigesters contained one differentially abundant GB that could only be assigned at the phylum-level to *Firmicutes*. In addition, one differentially abundant GB in the PF codigester was classified to the family-level of *Syntrophomonadaceae*, and one GB in the CF codigester was assigned to the phylum Candidatus *Parcubacteria* ([Table 1](#tbl1){ref-type="table"}). Multi-gene alignments based on a set of 400 conserved marker genes showed that some differentially abundant GBs from both codigesters were closely related, while each codigester also contained a set of unique ^13^C-enriched GBs ([Figure 4](#fig4){ref-type="fig"}). GBs that formed sister groups based on both the conserved marker gene alignments and UPGMA clustering of *in silico* DNA--DNA hybridization distance values included *Syntrophomonas* sp. PF07 and *Syntrophomonas* sp. CF14, as well as *Syntrophomonas* sp. PF15 and *Syntrophomonas* sp. CF22 ([Figure 4](#fig4){ref-type="fig"}; [Supplementary Figure 9](#sup1){ref-type="supplementary-material"}). *Syntrophomonas* sp. PF103 was consistently clustered with the reference genomes of *Syntrophomonas wolfei* subsp. *wofei* and *Syntrophomonas wolfei* subsp. *methylbutyrica* ([Figure 4](#fig4){ref-type="fig"}; [Supplementary Figure 9](#sup1){ref-type="supplementary-material"}). *Firmicutes* sp. CF263 was placed on a branch outside of *Syntrophomonadaceae-*affiliated genomes based on marker gene alignments ([Figure 4](#fig4){ref-type="fig"}), yet it clustered with the reference genome of *Syntrophomonas zehnderi* OL-4 based on *in silico* DNA--DNA hybridization ([Supplementary Figure 9](#sup1){ref-type="supplementary-material"}). Both GBs of *Firmicutes* sp. PF36 and Candidatus *Parcubacteria* sp. CF250 were placed as outgroups in both phylogenetic clustering approaches ([Figure 4](#fig4){ref-type="fig"}, [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}).

The largest GB coverage fold-change in the ^13^C-incubated samples was observed for the sister group of *Syntrophomonas* sp. PF15 & *Syntrophomonas* sp. CF22, which were not closely related to previously-sequenced *Syntrophomonas* isolates ([Figure 4](#fig4){ref-type="fig"}; [Supplementary Table 2](#sup1){ref-type="supplementary-material"}). Other GBs that had high fold-changes in the ^13^C-incubated samples (log~2~ change \>3.0) included *Syntrophomonas* sp. PF75, *Syntrophomonas* sp. PF62, *Syntrophomonas* sp. PF103, *Firmicutes* sp. PF36, *Syntrophomonas* sp. PF111, and *Syntrophomonas* sp. CF196 ([Figure 4](#fig4){ref-type="fig"}; [Supplementary Table 2](#sup1){ref-type="supplementary-material"}). In comparison to the CF codigester, the PF codigester had a greater number of GBs that were enriched above a log~2~ change of 3.0 in the ^13^C-incubated samples ([Figure 4](#fig4){ref-type="fig"}).

To assess the functional potential of differentially abundant GBs in ^13^C-incubated samples, coverage values were extracted and summarized for KEGG ECs within the LCFA degradation pathway (KEGG Pathway Map 00071). Long-chain fatty acid CoA ligase (EC:6.2.1.3), which is responsible for activating free-fatty acids to acyl-CoA thioesters ([@bib52]), had the highest EC coverage in differentially abundant GBs within ^13^C-samples from both codigesters ([Figure 5](#fig5){ref-type="fig"}). The EC categories with the next highest coverage were enoyl-CoA hydratase (EC:4.2.1.17) and acetyl-CoA acetyltransferase (EC:2.3.1.9). Genes encoding for the entire fatty acid β-oxidation cycle were identified within the differentially abundant GBs for both codigesters ([Figure 5](#fig5){ref-type="fig"}). However, genes for acyl-CoA dehydrogenase (EC: 1.3.99.-) were observed in the PF codigester GBs but not in the CF codigester GBs ([Figure 5](#fig5){ref-type="fig"}). The GBs in the PF codigester also had substantially higher gene coverage for 3-hydroxyacyl-CoA dehydrogenases (EC:1.1.1.35 and EC:1.1.1.36) in ^13^C-incubated samples than the CF codigester GBs ([Figure 5](#fig5){ref-type="fig"}). Additionally, genes encoding for Δ^2^,Δ^4^-dienoyl-CoA reductase (EC:1.3.1.34) involved in the metabolism of unsaturated fatty acids ([@bib43]) were detected in the differentially abundant GBs for both codigesters, and had a coverage that was an order of magnitude higher in the PF codigester GBs ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}).

Syntrophic conversion of LCFA under methanogenic conditions involves interspecies electron transfer between *Bacteria* and *Archaea*, which commonly involves hydrogen and/or formate as electron shuttles ([@bib53]). Several formate dehydrogenases and hydrogenases were detected in the enriched GBs of both codigesters ([Supplementary Figure 10](#sup1){ref-type="supplementary-material"}). Formate dehydrogenases (EC:1.2.1.2, EC:1.2.1.43) were more abundant than hydrogenases (EC:1.12.1.2, EC:1.12.7.2, EC:1.12.1.3), and had similar coverage in the differentially abundant GBs from both codigesters ([Supplementary Figure 10](#sup1){ref-type="supplementary-material"}). In contrast, hydrogenases (EC:1.12.1.2, EC:1.12.1.3) had lower coverage in the CF codigester GBs relative to the PF codigester ([Supplementary Figure 10](#sup1){ref-type="supplementary-material"}).

Discussion
==========

This research conducted a genome-centric comparison of the active populations between two anaerobic codigesters that were either pulse-fed or continuously-fed with oleate. DNA-SIP was combined with shotgun metagenomic sequencing and differential coverage binning to provide novel insights into active LCFA-degrading populations, and highlighted the potential for physiological diversity at the trophic level of syntrophy within anaerobic digesters.

As the average specific growth rate (*μ*) in the codigesters was 0.05 d^−1^ based on the 20-d SRT, higher growth rates would have been needed for cell duplication and sufficient DNA labeling during the 6-d incubation time, which could have been promoted by batch feeding oleate at initial concentrations of 8 m[M]{.smallcaps} in the SIP incubations. A growth rate of 0.11 d^−1^ would be required for cell doubling within a 6-d period, which is within the range of maximum specific growth rates (*μ*~*max*~) for co-cultures of syntrophic fatty acid oxidizing bacteria and methanogenic archaea of 0.10 to 0.19 d^−1^ ([@bib54]). While a longer incubation time would have contributed to further DNA labeling, longer incubation times in DNA-SIP can be problematic because they can lead to cross-labeling of peripheral populations due to endogenous cell decay ([@bib38]). In contrast to our study, previous studies employing DNA-SIP for syntrophic propionate- and butyrate-degrading communities in soil utilized incubation times ranging from 17 to 69 days ([@bib32]; [@bib9]; [@bib30]; [@bib20]; [@bib28]). These longer incubation times may have been necessitated due to the low active biomass fractions in soil, which would result in low substrate conversion rates. The higher active syntrophic biomass fraction in the anaerobic codigester sludges in this study promoted more rapid oleate bioconversion in the microcosms, which permitted efficient DNA-SIP labeling within a 6- day incubation period. DNA-SIP based metagenomics could thus be potentially applied with relatively short SIP incubation times to study other biological wastewater treatment process that have relatively high active biomass fractions.

Syntrophic fatty acid conversion requires that free energy from catabolism is shared between syntrophic bacteria and methanogenic archaeal partners ([@bib46]; [@bib53]). In this study, all of the 16S rRNA gene OTUs that were differentially abundant in ^13^C-incubated DNA-SIP samples for both codigesters belonged to the domain *Bacteria*, while no *Archaea* OTUs were differentially abundant in ^13^C-incubated samples. Likewise, all of the differentially abundant GBs recovered from the DNA-SIP shotgun metagenomes were assigned to bacterial taxa. However, the higher cumulative 16S rRNA gene read counts of *Methanosaeta* and *Methanobacterium* in ^13^C-incubated samples relative to ^12^C-controls indicates that they were likely methanogenic partners involved in syntrophic oleate degradation in both codigesters, but the increases in their OTU abundances were not statistically significant. The relatively high level of ^12^C-background substrates for methanogenesis (from the digester inoculum) likely diluted the ^13^C-labeled DNA of methanogenic archaea, as was also observed with protein-SIP in anaerobic digester communities ([@bib36]).

To the best of our knowledge, this is the first study to couple DNA-SIP with differential coverage binning to recover population GBs from environmental metagenomes. Differential abundance analysis of GB read counts was an effective technique coupled to DNA-SIP metagenomic binning to identify GBs that were significantly enriched within the heavy gradient fractions of ^13^C-incubated samples versus ^12^C-controls. The taxonomic assignment of differentially abundant GBs agreed with the results of 16S rRNA gene amplicon sequencing, as over 70% of the GBs belonged to the genus *Syntrophomonas*. This finding corroborates previous indications that *Syntrophomonas* are key syntrophic LCFA-degrading bacteria in mesophilic anaerobic digesters ([@bib48]; [@bib23]; [@bib51], [@bib52]; [@bib65]). However, this is the first study to determine the relative contribution of *Syntrophomonas* toward LCFA degradation using DNA-SIP. The finding that some phylogenetically distinct *Syntrophomonas* GBs and 16S rRNA gene OTUs were unique to each codigester further suggests that microbial communities involved in LCFA conversion can be physiologically diverse, and that the LCFA feeding frequency selected for unique active LCFA-degrading syntrophic taxa. Syntrophic bacteria have traditionally been considered metabolic-specialists ([@bib34]; [@bib50]), which has led to the general conclusion that they have low functional redundancy in anaerobic digesters ([@bib63]; [@bib8]). A previous genome-centric analysis of anaerobic digester metagenomes found low diversity within the trophic level of syntrophic acetogenesis ([@bib59]). Using transcriptomic read mapping, [@bib56] could only identify two active *Syntrophomonas* GBs in an anaerobic digester after pulsing oleate. In this study, 12 active *Syntrophomonas* GBs were identified using targeted DNA-SIP metagenomic analysis. DNA-SIP based metagenomic binning may thus improve our resolution of anaerobic digester trophic groups by enriching metagenome libraries with actively growing population genomes ([@bib14]), which may be especially useful to study low-abundance groups like syntrophic bacteria ([@bib54]). The recent recovery of 236 microbial GBs from anaerobic digester metagenomes led to conclusion that *Syntrophomonas* were among a core essential microbial group that is present independent of digester operational conditions ([@bib57]). Our finding that the anaerobic digester feeding frequency can impact the genomic composition of *Syntrophomonas* thus has implications for developing operating strategies that steer the core digester community to obtain better biokinetics and process stability.

In prior research, it was observed that the frequency of LCFA feeding led to different biokinetics between the PF and CF codigesters, which were correlated with individual *Syntrophomonas* taxa abundances between the two systems ([@bib67]). In this study, biokinetic modeling of methane production in the DNA-SIP microcosms fed with either ^13^C- or ^12^C- oleate showed that the PF codigester sludge had higher maximum oleate conversion rates than CF codigester sludge during all three DNA-SIP batch degradation periods. This result further corroborates that biological selection from the LCFA feeding frequency altered LCFA bioconversion kinetics in the anaerobic codigesters ([@bib67]). The different oleate bioconversion kinetics observed between the two codigesters could have been attributed to differences in the functional gene repertoires of their active LCFA-degrading populations. The differentially abundant GBs in the PF codigester had more redundant KEGG ECs (for example, multiple ECs for a single reaction step) in the LCFA degradation pathway compared to the CF codigester GBs, which could indicate that pulse feeding led to a higher level of metabolic flexibility. The PF codigester GBs also had a greater distribution of formate dehydrogenase and hydrogenase encoding genes, which have been suggested to afford syntrophs with metabolic flexibility in fluctuating environmental conditions ([@bib35]; [@bib49]). The greater metabolic flexibility identified in the ^13^C-enriched GBs of the PF codigester in this study suggests that pulse feeding could promote a greater physiological adaptive capacity by supporting a higher level of functional redundancy within the ecological niches of anaerobic digesters, which in turn may have supported its higher oleate loading tolerance ([@bib67]). A greater tolerance to overloading and toxicity has also been observed in other pulse-fed anaerobic digesters compared to continuous-fed systems ([@bib13]; [@bib16]; [@bib37]). Although stochastic processes cannot be ruled out because the bioreactors were not replicated, the fact that these bioreactors were inoculated with the same seed source and *Syntrophomonas* was the predominant group impacted by oleate addition for over 230 days ([@bib67]) indicates that the feeding frequency likely imparted a deterministic selective pressure on the syntrophic community structure.

In summary, this study demonstrated the application of DNA-SIP combined with metagenomics and differential coverage binning to identify active populations in an engineered biological treatment process. The results indicated that the operating conditions, specifically the feeding frequency, of the methanogenic bioreactors impacted the genomic composition of active syntrophic populations. The feeding frequency also impacted the level of functional gene redundancy within the active populations, which had implications for increased physiological adaptation using a pulse feeding strategy. Thus, DNA-SIP metagenomics is a powerful tool to help understand how operating strategies may improve the performance of biological wastewater treatment processes, as was shown here for increased methane recovery from high-strength organic wastes.
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![Cumulative methane production (minus blank controls) for the microcosms fed with ^12^C- and ^13^C-labeled oleate over three repeated batch feeding periods. The number above each plot indicates the batch oleate feed round. The black dashed line shows the theoretical methane potential of the added oleate (25.5 ml CH~4~; based on 2.9 g COD/g oleate, 8 m[m]{.smallcaps} concentration and 35 °C temperature). The black solid line represents the predicted methane production based on non-linear model fitting with a modified Gompertz equation ([Supplementary Table 1](#sup1){ref-type="supplementary-material"}). Error bars represent the standard deviation of the biological replicates.](ismej2017143f1){#fig1}

![Total copies of *Syntrophomonas* 16S rRNA genes measured by qPCR for each density-gradient fraction recovered from isopycnic separation of DNA from ^13^C-incubated microcosms and ^12^C-controls for both anaerobic codigesters. The filled circles indicate gradient fractions that were pooled for subsequent 16S rRNA gene amplicon sequencing and metagenomic sequencing. Both biological replicate microcosms are shown, and each point represents an average of duplicate technical replicates.](ismej2017143f2){#fig2}

![Relative fractions of the 11 most abundant genera in the heavy gradient fractions of ^13^C-incubated samples and ^12^C-controls for sample sets from both codigesters, based on 16S rRNA gene amplicon sequencing. Relative fractions were determined using DESeq2 normalized read counts for all OTUs ([@bib31]), and were then aggregated at the genus level. Both biological replicate microcosms are shown.](ismej2017143f3){#fig3}

![Phylogenetic overview of differentially abundant genome bins identified in both anaerobic codigester DNA-SIP metagenomes. The tree was constructed based on a concatenated alignment of conserved marker genes within the metagenomic contigs of each bin using PhyloPhlAn v.1.3 ([@bib47]). The color of each genome bin node represents the codigester biomass source, and the height of the outer bars represent the genome bin coverage in the heavy gradient fractions of the ^13^C-incubated samples and ^12^C-controls. The tree was illustrated using GraPhLan v.0.9.7 ([@bib4]).](ismej2017143f4){#fig4}

![Cumulative coverage values of KEGG ECs potentially involved in LCFA degradation (KEGG map 00071), based on the coverage of all differentially abundant genome bins in the ^13^C-incubated DNA-SIP metagenomes. Values from duplicate biological replicates are shown for both codigesters, and the size of each marker is proportional to the log~10~ of the EC read coverage.](ismej2017143f5){#fig5}

###### Taxonomic classification and characteristics for genome bins that were significantly enriched (*P*\<0.01, log~2~ increase\>2.0) in ^13^C-metagenomes relative to ^12^C-controls for both codigester sample sets

  *Genome bin I.D.*                         *Taxonomy*[a](#t1-fn2){ref-type="fn"}   *Assigned bin 'Species' name*          *Completeness*[b](#t1-fn3){ref-type="fn"}   *GC*    *Size (Mbp)*   *Coding density*[b](#t1-fn3){ref-type="fn"}
  ----------------------------------------- --------------------------------------- -------------------------------------- ------------------------------------------- ------- -------------- ---------------------------------------------
  *Pulse-fed Codigester Genome Bins*                                                                                                                                                          
   bin.15                                   *Syntrophomonas*                        *Syntrophomonas* sp. PF15              47%                                         41.4%   1.21           86%
   bin.75                                   *Syntrophomonas*                        *Syntrophomonas* sp. PF75              90%                                         41.2%   2.10           89%
   bin.62                                   *Syntrophomonas*                        *Syntrophomonas* sp. PF62              97%                                         43.5%   2.66           87%
   bin.103                                  *Syntrophomonas*                        *Syntrophomonas* sp. PF103             57%                                         44.6%   1.12           85%
   bin.36                                   *Firmicutes*                            *Firmicutes* sp. PF36                  85%                                         50.8%   1.60           90%
   bin.111                                  *Syntrophomonas*                        *Syntrophomonas* sp. PF111             89%                                         45.7%   3.38           88%
   bin.7                                    *Syntrophomonas*                        *Syntrophomonas* sp. PF07              74%                                         49.7%   1.27           89%
   bin.128                                  *Syntrophomonadaceae*                   *Syntrophomonadaceae* sp. PF128        98%                                         46.4%   2.71           88%
                                                                                                                                                                                               
  *Continuous-fed Codigester Genome Bins*                                                                                                                                                     
   bin.22                                   *Syntrophomonas*                        *Syntrophomonas* sp. CF22              74%                                         41.4%   2.00           86%
   bin.196                                  *Syntrophomonas*                        *Syntrophomonas* sp. CF196             72%                                         42.9%   2.41           87%
   bin.226                                  *Syntrophomonas*                        *Syntrophomonas* sp. CF226             98%                                         47.6%   3.18           88%
   bin.14                                   *Syntrophomonas*                        *Syntrophomonas* sp. CF14              63%                                         49.7%   0.78           89%
   bin.263                                  *Firmicutes*                            *Firmicutes* sp. CF263                 83%                                         50.6%   4.81           92%
   bin.250                                  Candidatus *Parcubacteria*              Candidatus *Parcubacteria* sp. CF250   40%                                         30.8%   0.25           91%
   bin.187                                  *Syntrophomonas*                        *Syntrophomonas* sp. CF187             86%                                         45.6%   2.12           89%

Only genome bins that were above 40% completion are included.

Based on LCA of BLAST output.

Based on CheckM output.
